We report the results of second-harmonic optical spectroscopy of LaAlO 3 films grown on SrTiO 3 (001) substrates having either TiO 2 or SrO atomic terminations. The atomic termination is found to have a large effect on the observed spectra, with a strong dependence on the ω-2ω light polarizations. These results are analyzed through a model based on symmetry-controlled selection rules and atomic orbital overlaps. The analysis shows that, as suspected from transport measurements, the SrO termination prevents the formation of a mobile interfacial electron gas. Yet, by explicitly probing and identifying the electronic states at the O 2− -Ti 3+ band gap we now obtain unique and direct evidence that this is caused by the absence of any detectable charge injection in the interfacial region rather than by carrier localization.
I. INTRODUCTION
The discovery of a two-dimensional electron gas (2DEG) formed, under specific conditions, at the interface between the two band insulators LaAlO 3 (LAO) and SrTiO 3 (STO), 1 has triggered an intense research effort. It is unveiling a surprising array of unexpected phenomena, ranging from tunable conductivity to 2D superconductivity. 2 The origin of the charge carriers has been a much debated question, since different intrinsic and extrinsic doping mechanisms, such as cation intermixing and vacancy defects, can be at play in this oxide heterostructure. [3] [4] [5] [6] [7] [8] [9] [10] [11] Many recent results point to the so-called polar catastrophe scenario as the mechanism driving the formation of the conducting state. 3, [11] [12] [13] [14] [15] According to this picture, the polar discontinuity that occurs at the interface between the charge-neutral planes of SrO and TiO 2 and the charged LaO (+e, where e is the electron charge) and AlO 2 (−e) sheets brings about an electrostatic breakdown once the LaAlO 3 layer has reached a critical thickness. This model is well verified in many aspects, but, being a very crude model, several discrepancies are found that make this controversy still alive.
The 2DEG is actually observed only in heterostructures formed with TiO 2 -terminated STO (n-type, TiO 2 /LaO interfaces). When the STO substrate is terminated with a SrO plane, resulting in a SrO/AlO 2 interface, a p-type conductive interface is expected based on the polar catastrophe hypothesis, but, experimentally, the samples are found to be insulating. 1, 3 Various models referring to this observation are controversially discussed. The insulating state of the interface might result from a lack of electronic reconstruction, with other mechanisms hence balancing the polar discontinuity at the interface. Alternatively, the SrO-terminated heterostructure, compared with the TiO 2 -terminated one, may be more prone to charge localization, caused, for instance, by the difference in defects or disorder expected at the differently terminated interface. In this case an electronic reconstruction at the interface could still occur, but because of such an increased localization it would not be visible to transport measurements.
As additional complication, it has been recently argued that charge injection in TiO 2 -terminated LAO/STO interfaces is not the only reconstruction mechanism occurring to reduce the potential buildup in thin LAO overlayers, but that the latter is also partially compensated by ionic displacements occurring in both LAO and STO. 16 Hence it would be desirable to verify the occurrence of the ionic displacement at the conducting and the insulating interfaces.
To achieve a comprehensive understanding of the microscopic mechanisms leading to the 2DEG, all the aforementioned issues must be further examined. Most studies investigating the formation of the 2DEG rely on transport measurements, which detect mobile carriers only. Hence, these techniques do not provide useful information when insulating systems are considered. Only a spectroscopic method can reveal the arrangement of the interfacial electronic structure and the orbitals involved, providing access to the microscopic mechanisms triggering the 2DEG formation.
In this work we make use of optical second harmonic generation (SHG) spectroscopy for shedding light on the role of the atomic termination in the physics of LAO/STO interface. We find that electron charge injection does not occur at the SrO-terminated interface, which is also the reason for the persistence of the insulating state. We establish the band structure of the Ti and O states at the band gap and show how the corresponding electronic orbitals are affected by the interface with respect to the termination.
II. PROBING LaAlO 3 /SrTiO 3 INTERFACES BY SHG
SHG denotes the generation of an optical wave with frequency 2ω by an incident wave of frequency ω. This process is determined by the constitutive relation P i (2ω) = ε 0 χ ij k E j (ω)E k (ω), where P(2ω) is the induced second-order optical polarization, E(ω) the electric field of the incident wave, andχ the SHG susceptibility tensor. The SHG intensity I SH G , as measured experimentally, is proportional to the square of the reflected SHG electric field: I SHG ∝ |P(2ω)| 2 . Recently the coupling of optical SHG to the interfacial reorganization of LAO/STO interfaces was demonstrated. [18] [19] [20] [21] The SHG signal requires a breaking of the inversion symmetry and thus is an ideal tool for investigating the polar asymmetry developed at an interface. Compared to standard optical techniques, an advantage of SHG is that its probing depth is not a priori fixed, but depends on the space extension of the polar asymmetry at the specific interface. Therefore it only senses the interfacial property of interest here with background-free capability. Previous experiments already showed a decoupling between the change of conductance and the actual orbital reconstruction preceding it. This distinction was only possible by directly probing the electronic states optically instead of resorting to transport experiments. Thus, we will adhere to the same methodology in the present system. We will furthermore use SHG selection rules in order to identify and distinguish the electronic states determining the properties at the LAO/STO interface.
III. EXPERIMENT
LAO films of five unit cells were prepared by pulsed laser deposition (PLD) on (001)-oriented STO substrates with uniform TiO 2 or SrO terminations. SrO-terminated substrates were obtained by depositing a SrO layer on a TiO 2 -terminated STO crystal before growing in situ the LAO film. The thickness of the layers was monitored during the deposition using reflection high-energy electron diffraction (RHEED) oscillations as shown in Fig 
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• C in 1×10 −4 mbar of oxygen atmosphere; annealing in 0.2 bar of oxygen at 550
• C for one hour precedes the cool-down to room temperature at the same pressure.
14 The films grown on TiO 2 -terminated STO are conductive, with a sheet conductance of about σ S = 0.05 mS at 300 K, while the samples grown on SrO-terminated STO display a sheet conductance below the detection limit of 10 −9 S. For the optical investigation, frequency-tunable laser pulses of 130 fs were generated at 1 kHz by an optical parametric SHG photon energy (eV) SHG intensity (arb. units) The spectra for the SrO-terminated substrate (red symbols) are multiplied by a factor 4 for better visibility. The colored areas divide the plot into two energy ranges corresponding to the identified electronic transitions: the blue area is dominated by A 1 → E, E → B 2 transitions, while the purple area is guided by E → E transitions, as shown in Fig. 3 .
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amplifier pumped by a Ti:sapphire amplifier system. Both the input fundamental and the output SHG beam are linearly polarized. In the following, the labels p, s, and d are used to denote linear polarizations parallel, perpendicular, or at 45
• with respect to the plane of incidence of light. In accordance with the fourfold rotational symmetry of the interface, we observed only three independent nonvanishing SHG components: p-in p-out (pp), s-in p-out (sp) and d-in s-out (ds).
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IV. RESULTS Figure 2 shows representative SHG spectra in the SHG photon-energy range between 3.2 and 4.2 eV obtained for the two atomic terminations at the three aforementioned polarization combinations (below 3.2 eV, all SHG spectra are featureless). We analyzed several samples for both terminations, finding reproducible results. Let us first focus on the TiO 2 -terminated samples. The main peak of the pp SHG spectrum at about 3.8-4.0 eV is ascribed to the known valence-to-conduction band edge. 22 At 3.6 eV, an additional peak is present that was previously attributed to a surface subband. 20 Interestingly, this peak is completely absent in the sp spectrum, clear evidence of the action of a symmetry selection rule. Turning to the SrO-terminated interface, we first note a drastic decrease of the SHG signal in all spectra. The SHG intensity is comparable to that obtained from bare STO surface or n-type samples with one unit cell of LAO (data not shown). In addition, the sp spectrum shows a complete suppression of the peak at 3.8-4.0 eV. This result is especially striking if one notes that, not considering possible interfacial reconstructions, the SrO-terminated system is structurally identical to the TiO 2 -terminated one, except for the two half-unit cells adjacent to the interface on the LAO and STO sides. Minor modifications of the spectral shape are also found for the ds and pp spectra, as shown in Figs. 2(b) and 2(c) , respectively.
V. DISCUSSION
Let us now discuss these observations in the framework of a simple model based on the orbital overlaps and selection rules involved in the various optical transitions contributing to the SHG spectra. It has been already established that the SHG source resides in the STO side of the interface. 20 Therefore we focus our attention on the STO structure and symmetries, and discuss the expected changes due to the interface-induced symmetry breaking. Moreover, since the investigated range is close to the interband transition edge, we will limit our analysis to the symmetry valid at the point of the Brillouin zone. The bulk STO optical gap is associated with a transition from oxygen 2p to titanium 3d-t 2g orbitals. 22 The valence band is dominantly composed of 2p oxygen orbitals, which can be qualitatively described by combining the p x , p y , and p z orbitals of the three oxygen atoms of each unit cell, for a total of nine independent bands. Here we use a Cartesian reference system with theẑ axis perpendicular to the interface, andx and y in the interfacial plane. At the point of the bulk Brillouin zone, these bands may be grouped in three levels, as shown in Fig. 3, depending 
FIG. 3. (Color online) The symmetry-allowed O(2p)-Ti(3d) 2ω
transitions for all three symmetry-allowed χ ij k components within the 4mm symmetry group are shown. According to the selection rules the allowed transitions for χ zzz (contributing to the pp signal together with the other χ elements) and χ zxx (sp signal) are the same, whereas two different transitions are allowed for χ xxz (ds signal).
orbitals: bonding and antibonding, both with cubic symmetry 15 , and approximately nonbonding, with symmetry 25 .
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Each of these levels is threefold degenerate in the bulk owing to the cubic symmetry of the crystal. The minimum optical (vertical) transition energy, located at , is known to be 3.75 eV. 22 The conduction band is composed of Ti(3d) orbitals. The cubic crystal field arising from the six nearest-neighbor O atoms splits the Ti(3d) orbitals into three lower energy t 2g orbitals (xy, yz, zx) and two e g orbitals (3z 2 − r 2 , x 2 − y 2 ).
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The latter ones are not further considered here, as they lie more than 2 eV above the t 2g band 24 and hence out of the investigated energy range. At the LAO/STO interface the symmetry is lowered from the cubic 3D symmetry m3m to the quadratic 2D symmetry 4mm, which further splits the bands at the point as summarized in Fig. 3 . The Ti(3d-t 2g ) orbitals split in two levels: d xy , according to the representation B 2 , and the two degenerate orbitals d xz and d yz forming an E doublet. 25 The oxygen orbitals at the interface are split into six distinct levels, of which one A 1 singlet and one E doublet originating from the antibonding orbitals constitute the states that are highest in energy ( 1 eV higher than the other oxygen bands 26 ). The Ti(3d-t 2g ) and O(2p) orbitals described above give rise to the resonances observed in our SHG spectra which can be ascribed to 2ω transitions from a single-electron state in the valence band to a single-electron state of the conduction band. 20 Let us now link the χ elements to specific O(2p)-Ti(3d) transitions. Within the 4mm symmetry, three independent nonvanishing tensor components forχ are allowed, namely χ zzz , χ zxx = χ zyy , and χ xxz = χ yyz = χ zxz = χ yzy . Two of them, χ xxz and χ zxx , can be singled out from the net SHG signal by an appropriate choice of polarization for the light at ω and 2ω. The magnitudes of χ xxz and χ zxx are directly proportional to the square root of the SHG intensity of the ds and sp polarization combinations, respectively. In contrast, χ zzz appears only in combination with the two aforementioned susceptibilities. However, according to Fig. 3 and the following selection rules, χ zxx and χ xxz reveal all the relevant information so that we can focus here on these two only.
At the point and for 2ω transitions between a valence-state V and a conduction-state C, a simple symmetry argument can be used for obtaining the relevant optical selection rules. For a 2ω resonance these rules are dictated only by the parity of the first χ index, which is associated with the emission of the second harmonic photon. The index variables z and x belong to the 4mm group representations A 1 and E, respectively. We can use then the table of the representation direct products for the 4mm group, as given, for example, in Appendix B of Ref. 25 , to obtain the following selection rules: Let us discuss first the case of TiO 2 -terminated interfaces. As already pointed out, a comparison between the sp and ds spectra in Figs. 2(a) and 2(b) reveals clear qualitative differences. In particular, the lowest energy resonance at 3.6 eV visible in the ds and pp spectra is completely absent in the sp spectra. We can hence assign it to a transition that is allowed for χ xxz (∼ ds) and forbidden for χ zxx (∼sp). According to Fig. 3 possible candidates are
Angle-resolved photoemission spectroscopy data on SrTiO 3 surfaces 27 and x-ray absorption spectroscopy 24 on LAO/STO show that the lowest conduction band is given by d xy orbitals, but since the valence band is also split by an unknown value we cannot determine the relative placement of case (i) and case (ii) in the SHG spectrum. However, as we will see this distinction is not needed for the following analysis. In any case, Fig. 3 allows us to assign the higher-energy resonance in the sp SHG spectrum observed in the TiO 2 -terminated interfaces around 4.0 eV unambiguously to the E → E:
Let us now discuss the changes observed in the SHG spectra when passing from the TiO 2 termination to the SrO one. The most striking effect is the near-full suppression of the sp signal that we ascribed to the transition E → E:
This cannot be explained with selection rules only, since both terminations correspond to the same interfacial symmetry. On the other hand we can propose a simple interpretation for this effect if we assume that SHG is generated mainly in the orbitals localized within a single atomic plane from the interface, as these are strongly polarized due to the structural proximity effects. With this assumption, a significant difference between the TiO 2 and SrO terminations occurs as shown in Fig. 4 . In the SrO interface only the p z oxygen orbitals have a significant overlap with the Ti(3d) orbitals of the TiO 2 layer underneath, so that only transitions involving p z should be pronounced in the SHG spectrum. Therefore, the E → E: O(p x , p y ) → Ti-t 2g (d xz , d yz ) transition of the sp spectrum is suppressed in SrO-terminated systems. In contrast, transitions A 1 → E: O(p z ) → Ti-t 2g (d xz , d yz ) remain possible, and give rise to the nonvanishing ds and pp SHG spectra of the SrO-terminated sample. However, here the E → B 2 : O(p x , p y ) → Ti-t 2g (d xy ) transition will be suppressed.
In contrast, in the TiO 2 -terminated samples the charge injection triggering the reconstruction at the interface creates a space-charge region extending across few unit cells, 16, 18, 20, 28 thus developing an electric field that polarizes all the orbitals involved in the SHG spectra (for example by displacing the Ti ions). Therefore, the overall SHG yield will be higher and all the O(2p) → Ti(3d) transitions that are allowed by symmetry will contribute to the SHG spectrum. First, the SHG signal in the region of the E → E:
transition of sp spectrum above 4 eV is nonzero. Second, the E → B 2 : O(p x , p y ) → Ti-t 2g (d xy ) transition of the ds and pp spectra below 4 eV is allowed which may explain the slightly different spectral shape of these spectra in comparison to the SrO-terminated samples.
The SHG sp suppression in SrO-terminated samples is a striking confirmation of our assumption that only the STO topmost atomic plane at the interface is significantly polarized in this case. This in turn implies that no significant charge injection occurs in SrO-terminated samples, as opposed to the TiO 2 -terminated samples. This is also confirmed by the observation that the overall SHG intensity in SrO-terminated interfaces has roughly the same intensity as in bare STO surfaces, for which there is no charge injection, or in ntype samples with one unit cell of LAO, for which charge injection is highly unlikely. We stress that this space-charge effect is independent of the mobility and sign of the injected charges, and it would occur even if all charges were localized and/or generated from hole doping as expected for p-type interfaces. Therefore, our findings based on SHG go beyond the previously reported results of transport measurements, which revealed only the absence of mobile charges at the SrO-terminated interface.
VI. CONCLUSIONS
In summary, SHG spectra from LAO/STO interfaces showed unprecedented sensitivity on the interfacial termination. Whereas for the TiO 2 -terminated surface the intensity and spectral distribution of the SHG signal indicated the presence of charge injection at the interface, in the case of SrO termination a spectrally selective and very efficient suppression of SHG yield reveals that no injection of either mobile or localized charge occurs (with the possible exception of the first atomic plane). Hence, the lack of conduction in SrO-terminated LAO/STO interfaces cannot be ascribed to a disorder-induced charge localization effect. This result was derived from a rigorous application of symmetries and selection rules to the electronic transitions between the O(2p) and Ti(3d) orbitals near the STO band gap. Our findings are important for achieving a complete understanding of the physics of this complex system.
